In many biological systems, especially bacteria and unicellular eukaryotes, rates of synonymous and nonsynonymous nucleotide divergence are negatively correlated with the level of gene expression, a phenomenon that has been attributed to natural selection. Surprisingly, this relationship has not been examined in many important groups, including the unicellular model organism Chlamydomonas reinhardtii. Prior to this study, comparative data on protein-coding sequences from C. reinhardtii and its close non-interfertile relative C. incerta was very limited.
In diverse biological lineages the degree of nonrandom usage of synonymous codons and the rate of evolutionary change of a gene is often related to its level of expression. For example, in bacteria, yeast, Caenorhabditis elegans, Drosophila, and Arabidopsis, codon usage bias of genes appears to be positively correlated with the level of gene expression (GOUY and GAUTIER 1982; SHARP et al. 1986; STENICO et al. 1994; CHIAPELLO et al. 1998; DURET and MOUCHIROUD 1999) and it is generally accepted that this is the result of elevated selection for a preferred set of codons that enhance translational efficiency in highly expressed genes (for reviews see AKASHI and EYRE-WALKER 1998; AKASHI 2001) . Moreover, in bacteria (SHARP and LI 1987a; SHARP 1991; SMITH and EYRE-WALKER 2001) and yeast (PAL et al. 2001; HIRSH et al. 2005) rates of synonymous substitutions are negatively correlated with the level of gene expression and it is generally thought that this is the result of purifying selection for efficient translation of highly expressed genes, although variation in mutation rate has been invoked to explain this correlation in some cases (BERG and MARTELIUS 1995; EYRE-WALKER and BULMER 1995; but see OCHMAN 2003) . In some multicellular lineages, however, including mammals and Arabidopsis, a correlation between synonymous rate and gene expression level could not be established (DURET and MOUCHIROUD 2000; WRIGHT et al. 2002; WRIGHT et al. 2004 ) and while there is evidence supporting such a correlation in Drosophila (e.g., POWELL and MORIYAMA 1997) , the existence of this correlation has been questioned (DUNN et al. 2001; but see BIERNE and EYRE-WALKER 2003 and MARAIS et al. 2004 ).
Rates of nonsynonymous substitution, which typically show greater variation among genes than synonymous rates, also appear correlated with levels of gene expression in diverse lineages including various bacteria, yeast, land plants, Drosophila, and mammals (DURET and MOUCHIROUD 2000; PAL et al. 2001; WRIGHT et al. 2002; MARAIS et al. 2004; RISPE et al. 2004; ROCHA and DANCHIN 2004; SUBRAMANIAN and KUMAR 2004; WRIGHT et al. 2004; LEMOS et al. 2005) . The basis for the connection between gene expression and protein evolution is the subject of ongoing debate. It has been suggested that nonsynonymous sites in highly expressed genes are under enhanced selective constraint in order to optimize the speed and accuracy of protein synthesis (AKASHI 2001 (AKASHI , 2003 . Alternatively, genes expressed broadly across tissues, which are also highly expressed, may be under enhanced functional constraint because their products need to function in diverse biochemical/biophysical environments (HASTINGS 1996) or because nonsynononymous changes in these genes affect a greater number of tissues and therefore have a greater impact on fitness (DURET and MOUCHIROUD 2000) .
The green algae represent a major biological group of eukaryotes for which there has been no large-scale examination of evolutionary rates in nuclear protein-coding genes.
Chlamydomonas reinhardtii represents an obvious candidate for such a study, as this green algal species has an extensive and annotated Expressed Sequence Tag (EST) database and a genome project near completion. The nuclear genome of C. reinhardtii has an overall GC content of nearly 65% (GROSSMAN et al. 2003 ) and the nucleus-encoded genes of this taxon have a preponderance of codons that end in G or C, although the codon usage bias varies considerably among genes (LEDIZET and PIPERNO 1995) . Correspondence analysis of Relative Synonymous Codon Usage (RSCU) values has established that C. reinhardtii genes are positioned along the first axis according to the level of gene expression as approximated by EST abundance (NAYA et al. 2001) . The relationship between codon usage and level of gene expression in C. reinhardtii is consistent with the observation that highly expressed genes exhibit lower values of the effective numbers of codons (Nc). Furthermore, genes with the highest number of EST matches use a preferred set of codons which are incrementally rich in C 3 at four-fold degenerate sites relative to those with only one EST match (NAYA et al. 2001) .
C. incerta SAG 7.73 is the closest known non-interfertile relative of C. reinhardtii (SCHLÖSSER 1976; COLEMAN and MAI 1997; LISS et al. 1997; PRÖSCHOLD et al. 2001) , with the possible exception of Chlamydomonas sp. (CCAP 11/132) (PRÖSCHOLD et al. 2005) . Studies on the level of sequence divergence between C. incerta and C. reinhardtii are limited to three splicesomal introns (LISS et al. 1997) , two intergenic spacers (COLEMAN and MAI 1997) , and few protein-coding genes . Clearly, an expanded analysis of orthologous gene sequences from these taxa is needed to gain a better view on the extent and causes of the variation in evolutionary divergence among genes in Chlamydomonas.
In this study we investigate the relationship between the rates of nucleotide divergence and the level of gene expression in C. reinhardtii and C. incerta. We compiled a greatly expanded dataset of 67 protein-coding sequences by utilizing our C. incerta EST data prepared for the Protist EST Program (PEP) (http://megasun.bch.umontreal.ca/pepdb/pep.html), the C.
reinhardtii
EST database (http://www.chlamy.org), and GenBank (http://www4.ncbi.nlm.nih.gov). The specific objectives were to: (i) compare synonymous codon usage in C. incerta with that of C. reinhardtii, (ii) examine the diversity of synonymous and nonsynonymous substitution rates among genes between C. reinhardtii and C. incerta, (iii) access the relationship, if any, between the evolutionary rates, both synonymous and nonsynonymous, and the level of gene expression as estimated by the codon adaptation index (CAI) which is a measure of the degree to which the synonymous codon usage of a gene matches that of highly expressed genes (SHARP and LI 1987b) , and (iv) compare the rate of nucleotide substitution in introns of genes with low CAI to those with high CAI. et al. 1990 ) hits (expectation value of cutoff of 10 -5 ) against the GenBank non-redundant database. The automatic annotation procedure using AutoFACT (KOSKI et al. 2005) was used to define the names of the C. incerta gene products.
MATERIALS AND METHODS

C. incerta
Sequence retrieval and alignments:
The dataset analyzed comprises 67 genes ( GenBank (accession number U13168), while the sequence reported by differs from the C. reinhardtii GenBank entry at only one synonymous site. In all analyses we used the C. incerta yptC1 sequence obtained by us.
The selection of sequences for analysis was not done randomly. Sequence length and quality were considered, and as much as possible we choose genes encoding products that perform diverse cellular functions and are targeted to different cellular compartments. We designated genes as encoding mitochondrial-or plastid-targeted products based on best BLAST hits for proteins that are known to be targeted to the respective organelles and annotated as such (SHARP and LI 1987b) . In calculating CAI, we used the specific set of optimal codons previously defined by (NAYA et al. 2001 ) based on the codon usage frequencies of C. reinhardtii highly expressed genes.
Statistical methods:
The paired t-tests and the calculation of Pearson correlation coefficients were performed using MINITAB, release 14.12.0. The likelihood ratio test (LRT) was used as described in the PAML manual. 
RESULTS
Comparison of codon usage in C. reinhardtii and C. incerta: As shown in Table 1 , measures of compositional (GC%, GC 3 %) and especially codon biases (Nc and CAI) vary considerably among genes in C. incerta, and in pairwise comparisons with C. reinhardtii
orthologs the values of these parameters correlate strongly (r > 0.9). Moreover, the averages of these parameters are almost identical between the two species although the small difference in the GC% averages is statistically significant and the same is true for the GC 3 % averages (Table   1 ). Based on these data, it is not surprising that RSCU values of concatenated C. reinhardtii and C. incerta gene sequences are highly correlated (r = 0.99) (supplementary material).
Nc in C. incerta correlates strongly with the level of gene expression as indicated by CAI (r = -0.89, P < 0.001) and with C 3 composition (r = -0.76, P < 0.001), but does not correlate significantly with G 3 composition (r = 0.07, P = 0.55) (supplementary material). A significant correlation between Nc and the level of gene expression estimated by the number of EST matches of each sequence was previously reported in C. reinhardtii (NAYA et al. 2001) . We found, moreover, a strong positive correlation between CAI and C 3 content at four-fold degenerate sites in both C. reinhardtii (r = 0.82, P < 0.001) and C. incerta (r = 0.85, P < 0.001) (supplementary material), supporting the view that highly expressed genes are incrementally C 3 rich at four-fold degenerate sites in both taxa as already reported for C. reinhardtii (NAYA et al. 2001 ).
Rate of nucleotide substitution among genes:
The divergence at synonymous sites, as estimated for individual gene pairs using the ML method (Table 1) (Table 1) .
Finally, we determined d N /d S ratios for the individual genes in our dataset (Table 1) and also tested for a correlation between the synonymous and nonsynonymous rates among genes. . However, we chose to use CAI rather than EST abundance in our reported analyses because not all genes in our dataset were represented in either the C. incerta or C. reinhardtii libraries and normalization steps were employed in the preparation of these libraries. Moreover, CAI has been shown in other systems to be the best among codon bias measures in estimating gene expression levels (GOETZ and FUGLSANG 2005) and to be as good as mRNA abundance in predicting protein abundance (JANSEN et al. 2003) .
Comparison of intron and exon substitution rate estimates in genes with low and high CAI values:
We analyzed concatenated intron and exon sequences from three genes (sfa, mid, and Pdk) with CAI values between 0.36 and 0.64 and three genes (cblP, GapA, and, Tpx) with CAI values between 0.81 and 0.90 (the six genes are listed in Table 2 ; intron data are given as supplementary material). Likelihood ratio tests indicated homogenous rates among sites within the lowly expressed genes and also within the highly expressed genes (supplementary material). Next, we found that the difference in substitution rates between introns sampled from low versus high CAI genes is statistically significant; the null hypothesis of equal substitution rates between the two partitions is rejected by the likelihood ratio test (2∆ℓ = 20.32, d.f. = 1, P < 0.001). The substitution rate in introns of the low CAI genes is about 1.3 times higher than that in introns of the high CAI genes (Table 2) . In contrast, when the mean synonymous divergence of the corresponding exons is examined, we find that the synonymous substitution rate in the low CAI genes is about 5 times higher than the rate in genes with high CAI (Table 2) .
DISCUSSION
Analysis of 67 pairs of orthologous genes revealed similar codon usage and base composition between C. reinhardtii and C. incerta suggesting the absence of differences in selective or mutational forces acting on codon usage in the two taxa since their divergence.
There is a considerable variation in the synonymous and nonsynonymous substitution rates among the C. reinhardtii/C. incerta genes examined even when the extreme values are not considered. The synonymous substitution divergence across the genes studied here is at least as large as the among-gene synonymous rate variation reported in other systems, e.g., bacteria (SHARP and LI 1987a), vertebrates (BERNARDI et al. 1993; WOLFE and SHARP 1993; MORIYAMA and POWELL 1997) and land plants ( ALVAREZ-VALIN et al. 1999; KUSUMI et al. 2002; TIFFIN and HAHN 2002; SENCHINA et al. 2003) , although when comparing these values one must consider differences in methods of divergence estimation, sample size, and gene sets, all of which can affect the level of variation in the synonymous divergence among genes.
Evidence for a negative correlation between the estimated synonymous divergence among genes and gene expression level, as supported here for C. reinhardtii/C. incerta, has also been reported for bacteria and yeast (SHARP and LI 1987a; SHARP 1991; PAL et al. 2001; SMITH and EYRE-WALKER 2001; RISPE et al. 2004; HIRSH et al. 2005) but contrasts with reports on mammals and Arabidopsis where synonymous substitution rate and level of gene expression seem uncorrelated (DURET and MOUCHIROUD 2000; WRIGHT et al. 2002; WRIGHT et al. 2004) .
At least two causes for the negative correlation between synonymous substitution rate and expression level of the Chlamydomonas genes can be invoked: (i) synonymous substitution rate is reduced by translational selection which increases with gene expression, and (ii) highly expressed genes acquire fewer mutations because of transcription-mediated repair processes (e.g., BERG and MARTELIUS 1995; EYRE-WALKER and BULMER 1995; see also SULLIVAN 1995 for a review). One might expect that transcription-coupled mutational processes would affect introns and flanking exons equally. Therefore, if such mutation repair-processes represent the major cause of the d S depression in the exons of high CAI genes (e.g., cblP, GapA, and Tpx)
relative to the exons of low CAI genes (e.g., sfa, mid, and Pdk), a nearly similar drop in divergence in introns of the former gene set compared to the later gene set would be expected.
Alternatively, if translational selection is the major evolutionary force responsible for the lower d S in the exons of high CAI genes compared to the exons of low CAI genes, one might expect equal levels of divergence in the introns of the two gene sets. Although the results show significantly lower divergence in the introns of the high CAI genes relative to the low CAI genes examined, this is about four times less than the drop in the synonymous substitution divergence in the exons of the two gene categories. These results, therefore, support translational selection over mutation as the more important evolutionary force underlying the described negative correlation between d S and CAI in the Chlamydomonas taxa. The lower intron evolutionary rate in the high CAI genes compared to the low CAI ones could result from transcription-mediated repair processes, although these results are also consistent with enhanced selective constraints on the sequence of introns in highly expressed genes. However, in spite of the fact that there are reports showing that spliceosomal introns are subject to constraints in sequence evolution, especially the first introns and the sites flanking intron/exon boundries (e.g., CHAMARY and HURST 2004), there is no evidence that these constraints differ among highly and lowly expressed genes.
The among-gene heterogeneity in the nonsynonymous substitution rates between C. reinhardtii and C. incerta is considerable and shows more variation than the synonymous substitution rates, which is in agreement with the expected variations in functional constraints on the amino acid sequence in different proteins and with reports on other biological groups (LI and GRAUR 1991; BERNARDI et al. 1993; WOLFE and SHARP 1993; TIFFIN and HAHN 2002) . The negative correlation between the rate of nonsynonymous substitutions and the level of gene expression found in a number of systems (DURET and MOUCHIROUD 2000; LEMOS et al. 2005; MARAIS et al. 2004; PAL et al. 2001; RISPE et al. 2004; ROCHA and DANCHIN 2004; SUBRAMANIAN and KUMAR 2004; WRIGHT et al. 2002; WRIGHT et al. 2004) , has also been observed here in C. reinhardtii/C. incerta. Different models have been proposed to explain this connection. In the translational selection model, highly expressed genes are proposed to be under purifying selection against nonsynonymous changes that may be neutral with respect to protein function but sub-optimal with respect to translational efficiency (AKASHI 2001 (AKASHI , 2003 ). Other models propose that genes that are broadly expressed across tissues in multicellular eukaryotes, which are also the most highly expressed, are under enhanced functional constraints because their products must function in a greater number of cellular environments (HASTINGS 1996) or because nonsynonymous changes in these genes affect a greater number of tissues and therefore have a greater impact on fitness (DURET and MOUCHIROUD 2000) . In Chlamydomonas, the relationship between the rate of nonsynonymous substitution and the level of gene expression The highest nonsynonymous substitution estimates in our dataset come from mid and the pherophorin I gene which are approximately six times greater than the value averaged over the whole set of genes. Mid encodes a minus-dominance protein important in gamete sexdetermination in Chlamydomonas . Among both unicellular and multicellular eukaryotes there is evidence that sex-related genes evolve significantly more rapidly than genes not directly related to sex functions (e.g., SINGH and KULATHINAL 2000; TORGERSON and SINGH 2003; ZHANG et al. 2004 ). In C. reinhardtii and C. incerta, mid was reported previously to evolve rapidly in terms of nonsynonymous substitutions. However, two regions of the predicted protein product were observed to be conspicuously more conserved in amino acid sequence between these species compared to two other regions of the protein . We searched the InterPro Scan database (http://www.ebi.ac.uk/InterProScan) and found that the C-terminal region previously described as conserved between C. reinhardtii and The pherophorin I gene belongs to a multigene family described so far in Volvox carteri (GODL et al. 1995; HALLMANN 2003) and C. reinhardtii speciation event and therefore had more time to diverge. In this connection, the pherophorin I genes used in this study are the most closely related pherophorin-like genes existent in the databases of the two taxa based on phylogenetic affiliation (data not shown) and sequence similarity (the Blast e value was at least 100 orders of magnitude smaller for this pair of genes than that for other hits).
C. reinhardtii is unquestionably the premier unicellular model organism among green plants (HARRIS 2001; GUTMAN and NIYOGI, 2004 ). Yet the exciting potential of this system for molecular evolutionary analysis was hindered by the scarcity of appropriate comparative sequence data. The placement of our newly generated cDNA sequence data for C. incerta in a comparative framework with the existing gene sequences from C. reinhardtii, has opened the opportunity to address fundamental questions about the relative roles of translational selection and transcription-coupled repair processes in the nuclear compartment of this model group of green algae. Although this study represents only the first step in addressing these and related questions, the results should prove valuable in guiding future comparative and experimental work. For example, it is important that we test our findings by employing other measures of gene expression such as identifying genes richest in codons having the most abundant cognate tRNAs and by measuring transcript abundance using microarray analysis. Finally, with a larger sample and improved annotation of orthologous genes from these taxa it should be possible to investigate attributes such as gene age, gene length, and codon usage bias along the translational gradient that have been shown in other systems to have fine scale effects in shaping the rates and patterns of nucleotide sequence evolution. 
